Abstract Nutrition research, like most biomedical disciplines, adopted and often uses experimental approaches based on Beadle and Tatum's one gene-one polypeptide hypothesis, thereby reducing biological processes to single reactions or pathways. Systems thinking is needed to understand the complexity of health and disease processes requiring measurements of physiological processes, as well as environmental and social factors, which may alter the expression of genetic information. Analysis of physiological processes with omics technologies to assess systems' responses has only become available over the past decade and remains costly. Studies of environmental and social conditions known to alter health are often not connected to biomedical research. While these facts are widely accepted, developing and conducting comprehensive research programs for health are often beyond financial and human resources of single research groups. We propose a new research program on essential nutrients for optimal underpinning of growth and health (ENOUGH) that will use systems approaches with more comprehensive measurements and biostatistical analysis of the many biological and environmental factors that influence undernutrition. Creating a knowledge base for nutrition and health is a necessary first step toward developing solutions targeted to different populations in diverse social and physical environments for the two billion undernourished people in developed and developing economies.
Introduction
Improving the nutritional health status of children and mothers in undernourished environments is essential for meeting the Millennium Development Goals (http://www. un.org/millenniumgoals/). Malnutrition is complex, multifaceted, and diverse in its health consequences, depending on extent, duration, and severity of coexisting deficiencies and comorbidities, and life stage of occurrence. An added complexity is the synergy between infection and malnutrition, articulated a half century ago (Scrimshaw et al. 1959) : networks of interactions involving nutrients, pathogens, and host defense mechanisms can profoundly affect nutritional status, growth, and development. Genetic makeup and epigenetic mechanisms are increasingly recognized as determinants of metabolism and health both of which can be influenced by nutrition, pathogen exposure, and other environmental factors.
Significant progress (United Nations Standing Committee on Nutrition 2012) has been made in addressing the needs of populations with vitamin A, zinc, iron, iodine, and omega-3 fatty acids. Interventions focused on supplying single nutrients are unlikely to contribute significantly to optimizing the complex processes that maintain health and decrease or delay disease. Health may be defined as ''the ability to adapt and self-manage'' (Huber et al. 2011 ), a concept of metabolic health which has also been termed metabolic flexibility, or adaptability (Storlien et al. 2004 ). Environmental and nutritional factors contribute to metabolic flexibility and health: Inadequate nutritional status will probably reduce flexibility and increase susceptibility to chronic disease and infectious agents. The current biological knowledge for assessing the status and needs for essential nutrients is inadequate. Combining comprehensive measurements of individual and environmental variables with systems experimental strategies may confer deep insight into metabolic networks, modifiable by nutrients and physical activity, enabling new approaches of attaining personal and public health.
Physiological, cognitive, and immunological consequences related to nutritional status A body of research has begun to demonstrate the effects of macronutrient and essential nutrient intakes and status on metabolic and cognitive development (Dewey and Begum 2011) . Malnutrition during pregnancy, lactation, and early life can impair multiple facets of the health of mothers and offspring and may cause epigenetic changes promoting chronic effects on metabolism and susceptibility to disease (Khulan et al. 2012) . Among other mechanisms, DNA damage due to defective DNA replication and repair processes (Fenech 2004 (Fenech , 2010 and the impaired capacity to differentiate and grow new cells may contribute to low birth weight, stunting, underweight, and inadequate cognitive development.
Cognitive development is impaired as a consequence of protein and micronutrient malnutrition. Methods for assessing cognitive function in infants (Westerberg et al. 2011 ) and analyzing first-year growth patterns of low birth weight babies have been developed and tested in nutrition intervention studies (Westerberg et al. 2010) . Among these methods are the visual event response-related potentials (VERP (Braddick et al. 2011) ) and MRI technologies to study brain development in response to nutritional intakes. Although these methods are currently in use in sophisticated settings, efforts would be initiated to develop systems for use in developing countries.
Immune dysfunction may contribute to the high burden of infectious mortality in malnourished children as seen in many poor and unhygienic environments (McKay et al. 2010; Verkerke et al. 2012) . Deficiencies in a number of essential nutrients may impact the innate and adaptive immune system, and supplementation may improve immune responses Maggini et al. 2007; Savy et al. 2009 ) depending on genetic makeup and life stage. Malnourishment affects the efficiency of oral vaccines, e.g., cholera (Levine 2010 ), but does not consistently impair the response to parenteral vaccinations (Savy et al. 2009 ). This difference implies that the impaired response is related to aberrant function of the gastrointestinal tract, the microbiome, and/or the local mucosal immune system, rather than a general physiological inability to respond to vaccines (Levine 2010) . Nutritional supplementation may improve immune responses depending on genetic makeup and life stages of the intervention and outcome .
Gastrointestinal function and integrity also play an important role in growth failure and immune function. Earlychildhood diarrhea is linked to increased risk of chronic diseases later in life-the so-called triple burden of impaired gut function (Guerrant et al. 2012) . Little is known about the human microbial ecology, how it changes due to suboptimal nutrition, and how the altered microbiome may influence metabolism, cognitive functions, and immune response. The importance of gut integrity is revealed by small intestinal (or bowel) bacterial overgrowth (SIBO or SBBO), which is associated with failure to thrive and slow growth (Bures et al. 2010; Korpe and Petri 2012) . SBBO also occurs in environments with poor sanitation and contaminated water (Korpe and Petri 2012) called environmental enteropathy (EE) (McKay et al. 2010) . The morphological changes in EE are associated with maldigestion, malabsorption of nutrients, and increased intestinal permeability.
Human populations are exposed to a broad range of access to nutritious foods and socioeconomic conditions in low-, transitional-, and high-income countries. Undernourishment is inversely correlated with per capita income which differs within and between rural and urban settings (United Nations Standing Committee on Nutrition 2012), countries, and regions (Gallagher 2006) . The consequences are that the physiological and psychological consequences to suboptimal levels of essential nutrients in combination with different environmental conditions have not been well studied in neither developing nor developed regions of the world.
The slow application of systems thinking to biomedical research
Among the great advances of twentieth and twenty-first century science were the discovery and elucidation of biochemical reactions and pathways. Information from analysis of isolated pathways was combined into seemingly comprehensive metabolic and signal transduction maps like the KEGG pathway maps (http://www.genome. jp/kegg/pathway). Measured or predicted changes in specific reactions or pathways are often used to explain health and disease processes. The information embedded in these representations was often derived from research on disease rather than from understanding biological processes. Conventional understanding conveyed in these maps provided not only the basis for designing nutrition experiments and intervention programs (see Table 1 ), leaving response effects to be inferred based on changes in a few biochemical, physiological, functional, or clinical outcomes (Darnton-Hill et al. 2009 ). The simple visual figures of biochemical transformations have led to ''the illusion of explanatory depth'' (Rozenblit and Keil 2002) . That is, these maps do not provide an understanding of how and why an organism functions or responds because biological processes are highly complex, interactive, and dynamic due to interactions within and between cells and organs and because these processes are constantly interacting with environmental factors. Using a single biochemical pathway as the benchmark for the effects of nutrient deficiency and supplementation will not explain the system's response.
We now understand that pathways interact with regulatory elements, with one another, and with systems critical to the endocrine, circulatory, digestive, nervous, and immune function (Afacan et al. 2012; MacLellan et al. 2012; Slikker et al. 2007; van Ommen et al. 2008a, b; Zhao et al. 2012) . As an example, a map of the central immunity pathway linking the toll-like receptor 4 to the transcription factor NFjB (a master regulator responsive to nutrients) contains only 20 core components, but adding just the main interacting elements of these 20 core proteins expands the network to more than 800 proteins (Gardy et al. 2009 ).
Several current systems biology treatises are technological extensions of the general systems theory for biology first proposed by von Bertalanffy more than 60 years ago (von Bertalanffy 1951) . Modern views of systems biology concepts (Hood et al. 2004) propose an holistic approach relying on:
1. Global quantitative measures on the genome, transcriptome, proteome; metabolome, and/or cytome levels are usually based on high-throughput technologies.
2. Measures over time in homeostatic and challenged states, allowing metabolic flux analyses. 3. Integration and (meta-) analyses of data with computational network biology methods. 4. Modeling to unravel mechanistic relationships of the biological processes.
The crucial missing factors from many system biology definitions and experimental approaches are the influence and measures of environment such as diet, physical activity and other lifestyle factors, and psychosocial factors, each of which may influence expression of genes, levels of proteins and metabolites and may promote mutagenic effects. For example, seasonal differences in nutrient availability were consistently associated with changes in blood concentrations of one-carbon metabolites and cofactors, resulting in altered epigenetic potential (Dominguez-Salas et al. 2013) . Hence, experimental designs and approaches should incorporate more comprehensive assessment of biospecimens but also exposures to environmental factors. The results of combining such data and approaches will provide novel insight into mechanisms, complex biomarkers, but most importantly, an understanding of health beyond disease-specific symptoms (heart disease versus whole organism physiology associated with diet and lifestyle).
Conceptual framework of systems nutrition
Systems thinking is starting to influence nutritional (Morine et al. 2010 (Morine et al. , 2011 (Morine et al. , 2012 and immunological (Afacan et al. 2012 ) research although significant challenges remain in adapting and applying these advances to human studies (Norheim et al. 2012) . Capturing a wider range of quantitative environmental and physiological measures like sleep, physical activity, psychology, healthcare disparities, and differences in social status (Kaput et al. 2005) (Fig. 1) are still difficult primarily due to a lack of tools (Stumbo et al. 2010; Tucker et al. 2013 The influence of genetic diversity has also not been assessed when analyzing the response to nutritional intervention. Although analysis of common ([1 % frequency) variants is increasingly used in nutrition research (Merched and Chan 2013) , genome sequencing projects demonstrate that all individuals encode unique variations (Consortium 2012) undetected by array technologies. These new variants may occur in any biological pathway including those expected to alter physiological processes or response to nutritional variables (Morine et al. 2010 (Morine et al. , 2011 .
A major challenge for implementing and using systems approaches may be to assure sufficient and accurate quantitative data from the individual, family, and community levels with data standards adopted across studies. Assessing many factors and stressors that affect physiological processes will be a significant challenge since food and nutrition security is a complex system resulting from interrelationships between societal, legal, and economic factors spanning the farm to fork trajectory (Hammond and Dubé 2012) . Nevertheless, data harmonization of each level of these multi-scale networks will enable integration -hill et al. 2009 ). Only a small number of parameters were usually monitored, novel computational analyses were not used, resources for integrative approaches were lacking, and research funding culture continues to promote individual laboratories rather than collaborative consortia (other factors can also contribute)
Use of single biomarkers has often become the ''gold standard'' in essential nutrient research, underestimating the complexity of biological processes. Many biomarkers are poor predictors of health, growth and development, immune function, and cognitive ability
The failure of assessing ''context or environment'' in research and subsequent nutrient interventions. For example, the effects of malaria (Afacan et al. 2012) , assessment of and need for interacting nutrients (Zimmermann and Kohrle 2002) , presence of environmental contaminants (e.g., lead) , differences in food matrix , microbiotic diversity (Gordon et al. 2012) , culture, and other factors may alter nutrient bioavailability and biological functions Genetic, epigenetic, microbiome, diet, and environmental and cultural diversity have not been sufficiently integrated in nutrition research from different studies for exploratory, diagnostic, and predictive computational modeling. Integration of genomic information with clinical, extensive physiological data, and metadata (individual patient exposures and status measures that affect health) is spawning new bioinformatics approaches that have yet to mature. The importance of capturing, managing, storing, and analyzing high-dimensional nutritional data and its associated metadata have been the subject of several reviews (Kaput et al. 2006; Kibbe 2006; van Ommen et al. 2010a; Stumbo et al. 2010; Lynn et al. 2010; Breuer et al. 2012) and the development of databases such as InnateDB (Lynn et al. 2010; Breuer et al. 2012 ) and the modular Nutritional Phenotype (dbNP) data infrastructure (van Ommen et al. 2010a) . Data harmonization (van Ommen et al. 2010a; Lynn et al. 2010 ) is essential for enabling systems approaches to analysis of high-dimensional data. Networkbased models describing health, subsystems of physiological processes, and pathological states (Morine and Priami 2013; Mayer et al. 2013) provide the foundation for developing these system-based models:
• Collect high-quality, high-dimensional genomic, proteomic, and/or metabolomics data with appropriate filtering from prospective and intervention studies.
• Computational definition of systems networks and subnetworks associated with health and pathologies and the underlying pathways, functional attributes, and mechanisms.
• Definition of biomarkers as hubs and bottlenecks connecting to different network elements of importance in signal transduction.
• Network simulations and flux analyses to unravel physiological and pathological states and the impact of interventions.
• Simulations integrating molecular interactions and correlations.
• Computational predictions and actionable knowledge.
The first models of cellular responses, organs, systems, or conditions can be used as a ''wind tunnel'' for testing and designing intervention studies. Data from model organisms may provide an initial (tissue-specific) framework, describing in molecular detail, the processes of transport, metabolism and signaling in steady state, as well as during challenges with altered diet, physical activity, fasting, and sleeping (van Ommen et al. 2009 ).
The goal of systems nutrition (Fairweather-Tait 2003; van Ommen et al. 2008a van Ommen et al. , 2009 de Graaf et al. 2009; Morine et al. 2010 Morine et al. , 2011 Morine et al. , 2012 Fu et al. 2011 ), systems Fig. 1 Examples of experimental variables for systems nutrition research. Reductionistic approaches typically focus on measures of physiology (human on the right) and one or a few environmental variables (left). Some variables may represent both input and output of the human system, and some output variables may affect other input variables (e.g., stress effect on diet). The input of systems nutrition research would capture and conceptually organize those environmental variables that alter physiological variables, as well as comprehensive analyses of physiological processes. Some environmental variables may be challenging to quantify (e.g., the built environment) but may be recorded as metadata associated with the experimental results and important for interpretation of the data. This figure describes primarily the data that may be captured for analyses, and a separate process captures the analysis pipeline immunology (Afacan et al. 2012) , and systems analysis (Palsson 2006 ) can be applied to malnutrition research specifically to:
Improve the design and implementation of multiscale interventions studies for environmental enteropathies, related growth, immune-and learning disorders, and essential nutrient deficiencies.
The next steps
NuGO (http://www.nugo.org) has initiated development of a collaborative, open data sharing, systems nutrition research program named ENOUGH (essential nutrients for optimal underpinning of growth and health) focused on individuals in undernourished populations (Fig. 2) . ENOUGH builds on the ongoing international effort of examining malnutrition and continues collaborations on knowledge building with the US NIH BOND project (Brabin et al. 2011 ) and international efforts like EURRECA (http://www.eurreca.org/), and the NuGO-led Micronutrient Genomics Project (MGP) (van Ommen et al. 2010b) .
ENOUGH (Fig. 2) will go beyond simply measuring metabolites in body fluids (so-called helicopter research; Glenn, 2006; Horowitz et al. 2009 ) to include engagement of community members (Tindana et al. 2007; Cohen et al. 2008; McCabe-Sellers et al. 2008; Horowitz et al. 2009 ). Active participatory research will promote comprehensive analyses and incorporate an understanding of local customs, conditions, and factors affecting nutrient accessibility. A challenge for international research projects is the patchwork rules and regulations for human study research (see (Seguin et al. 2008; Office for Human Research Protections 2012) ). Nutrigenomics projects involving children, genetic analysis, physiological and environmental measurements, and international collaboration raise ethical questions. Although an effort to build research ethics review capacity in low-and middle-income countries has been initiated, intervention studies raise ethical problems for which few research ethics committees globally are prepared to act on. The Council on Health Research for Economic Development (COHRED) has developed and hosts a Health Research Web (http://www.healthresearchweb.org/) to foster interaction between research partners in different countries. A major aspect of their effort is the creation of tools for facilitating reviews by collaborating centers with distinct research ethics committees (aka institutional review boards (http://www.healthresearchweb.org/en/regulation_ and_ethics_review_of_research)). Fig. 2 Flow of essential nutrients for optimal underpinning of growth and health (ENOUGH). The NuGO-led consortium will use existing knowledge from international efforts to develop a systems approach to malnutrition research (existing knowledge). Data from existing or new projects will be integrated in the Phenotype database or InnateDB or some combination (new data and results). Analysis of these data will provide knowledge with applications for improving personal and public health ENOUGH will contribute through scientific research to the building of local capacity and infrastructure by engaging governments, agencies, and communities (McCabe-Sellers et al. 2008) , a process consistent with the goals of North-South knowledge and technology transfer (Singer and Daar 2001; Daar et al. 2007; Taylor et al. 2007; Séguin et al. 2008) and stimulation of economic development by research activities (www.cohred.org; Bhan et al. 2007 ). These collaborative research strategies may improve translation of basic research to local societies. One example of this capacity building is the Human Variome Project, aiming to understand the genetic basis of human diseases in developed and developing countries (Patrinos et al. 2010; Al Aama et al. 2011) .
The availability of healthy and affordable food and clean water is essential for health. In addition, nutrient composition targeted to genetic and cultural conditions can now be analyzed and optimized. Malnutrition is a complex condition, which will be unresolved by systems nutrition research alone, but the multifaceted solutions to address this global problem require evidence from experimental studies, which acknowledge, measure, and analyze the gene-environment factors contributing to dysfunctional growth, metabolic, and cognitive processes. Research focused on the analysis and understanding of nutritional needs can contribute significantly to the continuation of international collaboration and implementation of systems concepts in academia, governments, industry, and NGOs. Only by combined efforts will the Millennium Development goals of improving nutrition, health, and the lives of women and children be reached.
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